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Hole superconductivity in infinite-layer nickelates
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We propose that the superconductivity recently observed in Nd0.8Sr0.2NiO2 with critical temper-
ature in the range 9 K to 15 K results from the same charge carriers and the same mechanism that
we have proposed give rise to superconductivity in both hole-doped and electron-doped cuprates:
pairing of hole carriers in oxygen ppi orbitals, driven by a correlated hopping term in the effective
Hamiltonian that lowers the kinetic energy, as described by the theory of hole superconductivity.
We predict a large increase in Tc with compressive epitaxial strain.
PACS numbers:
I. INTRODUCTION
Superconductivity has been recently observed in
Nd0.8Sr0.2NiO2 [1]. The system has the same planes as
the cuprate superconductors with Ni+ instead of Cu++
ions. The parent compound NdNiO2 is metallic at high
temperatures and the resistivity turns upward at around
50 K. When it is doped with holes by substituting Nd+++
by Sr++ the resistivity continues to decrease below 50 K
and drops to zero below the superconducting transition,
which onsets around 9-15 K depending on sample prepa-
ration.
Key questions include: (i) how do these compounds re-
late to hole-doped and electron-doped cuprate supercon-
ductors? (ii) where do the doped holes go? (iii) what is
the nature of the charge carriers? (iv) what is the mech-
anism of superconductivity? (v) can Tc be increased? In
this short note we address each of these questions.
The infinite-layer phase of these materials has no api-
cal oxygens, and is the same structure as that of infinite-
layer electron-doped cuprates [2] Sr1−xLnxCuO2 with Ln
= La, Nd, Sm or Eu, which have superconducting tran-
sition temperatures in the range 35-40 K. The parent
compound of those electron-doped cuprates, SrCuO2, is
insulating when undoped and can only be doped with
electrons, not with holes. Instead, NdNiO2, the par-
ent compound of these new nickelate superconductors,
is metallic and (so far) can only be doped with holes.
There are also some infinite layer cuprates that appear to
be hole-doped, such as Ca1−xSrxCuO2 [3], but generally
hole-doped cuprate structures, such as La1−xBaxCuO4
contain apical oxygens [4].
It is easy to understand these doping characteristics.
LaCuO4 can be doped with holes because the presence
of O−− apical oxygens lowers the electrostatic potential
at the Cu++ site. Another way to lower the electrostatic
potential at the cation site is to replace Cu++ by Ni+,
without apical oxygens. For that reason, these new nick-
elates [1] can be doped with holes. Instead, with Cu++
and no apical oxygens the electrostatic potential is higher
so it is easier to dope with electrons rather than with
holes.
Notwithstanding the type of dopant charges, we have
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FIG. 1: Ni dx2−y2 and oxygen orbitals in the Ni-O planes.
In the undoped parent compound the nominal valence is Ni+
and O= and there is one hole in the filled Ni d10 orbital. The
O-ppi orbitals point in a direction perpendicular to the Ni-O
bonds, and the pσ orbitals in a direction that is parallel. We
propose that doped holes reside in a band resulting principally
from overlapping O-ppi orbitals, the same as for for both hole-
and electron-doped cuprates.
proposed that superconductivity in hole-doped [5] and
electron-doped [6] cuprates arises from the same carriers
through the same mechanism [7]. The fact that the same
type of carriers appear to be responsible for the supercon-
ductivity of hole-doped and electron-doped cuprates has
in our view been firmly established by extensive experi-
mental evidence [9–15]. The newly discovered supercon-
ducting nickelates share with the hole-doped cuprates the
fact that they are hole-doped, and share with electron-
doped cuprates the fact that the structure has no apical
oxygens. It would not be very surprising if the same
carriers and the same mechanism account for the super-
conductivity of these new materials also.
Figure 1 shows the relevant orbitals in the NiO (or
CuO) planes. The consensus for the cuprates is that both
under hole or electron doping the doped carriers go into
the Cu-dx2−y2 O-pσ band, and give rise to superconduc-
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FIG. 2: Illustration of how oxygen ppi hole carriers are cre-
ated in hole-doped cuprates, electron-doped cuprates, and
hole-doped nickelates, in the hole representation. Arrows on
the energy levels denote holes. The difference in the rela-
tive locations of the O= and Cu++ orbitals for hole-doped
and electron-doped cases arises due to their different crystal
structures, T versus T′ or infinite layer. For the nickelates,
the Ni+ level is lower relative to the oxygen levels compared to
the electron-doped cuprates due to the lower atomic number.
tivity. Instead, we have proposed that it is always holes
in O-ppi orbitals that give rise to superconductivity. For
electron-doped cuprates, electrons go into the Cu-dx2−y2
O-pσ band and induce holes into the O-ppi orbitals [7]. In-
stead, for hole-doped cuprates and nickelates, the doped
holes go directly into the O-ppi band. We have argued
that for both hole- and electron-doped cuprates orbital
relaxation of the highly negatively charged oxygen an-
ion lifts the O-ppi orbitals to the Fermi level [8], contrary
to what band structure calculations predict. Clearly the
same argument applies here.
Figure 2 shows the energy level structure we envi-
sion for cuprates and nickelates, in a hole representa-
tion. Both in the hole-doped cuprates (left panel) and
in the hole-doped nickelates (right panel) the added hole
will go into the oxygen ppi level because adding it to the
cation would cost a high Hubbard U . In the electron-
doped cuprates (center panel), removing a hole (adding
an electron) causes the other hole to ‘fall’ into the O-ppi
orbital. In the hole-doped infinite layer nickelates remov-
ing a hole (adding an electron) costs more energy than
in the electron-doped infinite layer cuprates, so it is not
likely that these new materials can be doped with elec-
trons. Experiments have so far been reported for one
hole concentration. Figure 3 shows the predicted depen-
dence of Tc on hole concentration for a typical set of
parameters in our model. Within this model Tc increases
rapidly when the distance between atoms in the plane
decreases, as we showed in Ref. [5]. Therefore we predict
a large enhancement of Tc under compressive epitaxial
strain. The dashed line in Fig. 3 shows the expected be-
havior of Tc versus hole concentration under such strain,
with an increase in Tc at all hole concentrations.
We expect the Hall coefficient in this material to be
positive at low temperatures, reflecting conduction of
holes in a single nearly full band. Figure 4 shows the
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Fig. 3. versus hole concentration in the model of hole
superconductivity for a two-dimensional case. corresponds to the
number of x,y holes per boron atom. This behavior is generic for
this model. Values for the bandwidth, correlated hopping parameter,
on-site and nearest neighbor repulsion used were 5 eV,
1t 3725 eV, 5 eV, 0, respectively. The dashed line
indicates the behavior expected under application of physical or
chemical pressure, with the parameter 1t increased to 0 375 eV.
holes, for example with Mg Na (assuming it
forms with the same structure) would drive to zero
in the overdoped regime.
The theory of hole superconductivity predicts a
crossover from strong to weak coupling regimes as
the hole concentration increases [23], a scenario which
is in qualitative agreement with observations in the
cuprates. We may expect to see a similar scenario (al-
though less pronounced) in the doped magnesium di-
borides. In the underdoped regime (Mg Al ) in-
creasingly incoherent transport and higher resistivity,
decreasing coherence length and increasing gap ra-
tio as increases, possibly even pseudogap behav-
ior and charge inhomogeneity. This should only occur
for a small range of , however, after which the x,y
bands will become full and the behavior will change
sharply for larger : superconductivity will disappear,
the Hall coefficient will become negative, the transport
will become coherent, and the resistivity will decrease
as increases further with increasing electron carri-
ers. The lattice stability should also increase in this
regime of large . In contrast, in the overdoped regime
(Mg Na ) we expect increasingly coherent be-
havior as increases, with lower resistivity, increas-
ing superconducting coherence length diverging as
approaches zero, and gap ratio close to the BCS weak
coupling value. The London penetration depth should
decrease monotonically as the hole concentration in-
creases from underdoped to overdoped [24].
3. Effect of pressure
Within our theory a decreasing B–B intraplane dis-
tance should increase [5], as seen in Fig. 3. Simi-
larly we have argued that in high oxides the intrinsic
effect of increase of with pressure is caused by de-
creasing intraplane O–O distance [25]. This is because
superconductivity is driven by the correlated hopping
parameter 1t that depends exponentially on inter-
atomic distance. Hence we expect application of pres-
sure in the plane direction in MgB will increase
Hydrostatic pressure should also increase assum-
ing it leads to a decrease in the B–B intraplane dis-
tance. However, the situation could be more compli-
cated if charge transfer between the B planes and the
metal occurs under pressure, in which case the sign
and magnitude of the change in would depend on
the sign of the charge transfer, whether the system is
in the overdoped or underdoped regime, and on the
relative weight of the change induced by charge trans-
fer and change induced by changing interatomic dis-
tances. All of these effects could be disentangled by
measuring changes in lattice constants and Hall coef-
ficient under pressure.
4. How to achieve higher ’s in the diborides
Various calculations of band structures in diborides
suggest that a rigid band picture works reasonably
well [18–21,26]. In the transition metal diborides it
is found that the Fermi level states are dominantly of
metal 3 character [26], in contrast to the main group
diborides where the boron 2 x,y orbitals dominate the
Fermi level states. According to the theory discussed
here, the latter situation is the favorable one for
superconductivity, and the position of the Fermi level
in MgB is close to optimal. Hence what remains to be
optimized is the interatomic distances, which may be
achieved by ‘chemical pressure’.
Consider the compound BeB [27,28]. Its structure
is similar although not identical to that of MgB , how-
ever the interatomic distances should be significantly
FIG. 3: Tc versus hole concentration nh, the number of holes
per oxygen atom. This behavior is generic for this model.
Values for the bandwidth, correlated hopping parameter, on-
site and nearest neighbor repulsion used are D = 5 eV, t =
0.3725 eV, U = 5 eV, and V = 0, respectively. The dashed
line indicates the behavior expected under application of pres-
sure in the plane, with the hopping parameter t increased to
0.375 eV.
measured Hall coefficient [1], which turns positive below
50 K. At higher temperature the negative Hall coefficient
presumably results from contribution to conduction from
both the Ni-O pσ band and the O-ppi band, with higher
mobility for the carriers in the Ni-O band. Note that in
the undoped case the conduction is metallic above 50K
(Fig. 3b in Ref. [1]), presumably due to the smaller on-
site repulsion U compared to the cuprates, a d the Hall
coefficient is negative as see in Fig. 4.
Within our model, su rconductivity is caused by a
correl ted hopping t rm in the effective Hamiltonian de-
scribing co duction of oxy en ppi holes in a nearly full
band [5], which arises due to the contraction and ex-
pansion of the oxygen orbitals depending on their charge
content [16]. Superconductivity is driven by lowering of
quantum kinetic energy, and neither phonons nor spin
fluctuations play a significant role. It requires conduction
by holes. We have proposed that this is also the mecha-
nism responsible for superconductivity in iron pnictides
[17], magnesium diboride [18, 19], H2S [20] and all other
superconducting materials [21]. Correlated hopping has
also recently been proposed to be responsible for super-
conductivity in twisted bilayer graphene [22] and for su-
perfluidity in systems of ultracold atoms in optical lat-
tices [23, 24].
As pointed o t i Ref. [1] and also emphasized by
Sawatzky [25], the discovery of superconductivity in these
nickelates poses a challenge to proposed explanations
of cuprate superconductivity that rely on magnetism,
Zhang-Rice singlets, Mott physics, RVB, large Hubbard
U , spin fluctuations, etc. Even though in elemental form
Ni is magnetic, there is so far no evidence for magnetism
in the newly discovered nickelates, and the parent un-
doped compound is metallic rather than insulating. In
3RE CH
temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with  10.8 K and extrapolated London 
penetration depth  0)   2.2  m (ref. 31). This indicates that 
for Nd0.8Sr0.2NiO  is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract  (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field c2,
approximately given in the inset to Fig. 4a
Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 
x y2 2 orbitals and the O 2  orbitals
33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen
tral for superconducting pairing24. Because Ni  is one column to the 
t of Cu  on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2  band is expected . 
Furthermore, powder neutron diffraction studies of LaNiO  and 
NdNiO  show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15 16, and the resistivity of NdNiO  (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.
On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 
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Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. , Resistivity versus temperature ) plots of the as-grown NdNiO
and Nd0.8Sr0.2NiO  films. b, c, Resistivity ( ) and normal-state Hall 
coefficient ( ) as a function of temperature for the corresponding reduced 
films (NdNiO  and Nd0.8Sr0.2NiO ). d, e, ) for multiple Nd0.8Sr0.2NiO
films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. , Electric field ( ) versus current 
density ( ) characteristics for varying temperature.
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Fig. 4 | Magnetic-field response of superconducting Nd0.8Sr0.2NiO
, ) under a varying magnetic field perpendicular to the  plane. 
The inset shows the variation of the upper critical field c,  (as estimated 
by the midpoint of the resistive transition) with a linear fit in the vicinity 
of . , The real (Re( )) and imaginary (Im( )) parts of the voltage 
as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO  film, 
measured using a two-coil mutual-inductance measurement.  , magnetic 
constant.
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FIG. 4: Measured Hall coefficient in undoped and doped su-
perconducting nickelates, from Ref. [1].
some sense these compounds appear closer to the class
of superconducting bismuthates [26], for which both con-
ventional [27, 28] and ‘negative U’ [29] mechanisms have
been proposed. Of course in other respects, e.g. struc-
turally, the nickelates are much closer to the cuprates.
Botana and Norman [30] have argued that the electronic
structure of nickelates is similar to that of cuprates and
suggested a common mechanism. Others would surely ar-
gue that so far at least there is no evidence that the nicke-
lates are anything other than conventional BCS-electron-
phonon superconductors.
In summary, it is clear that the discovery of the
infinite-layer nickelates [1] with a significant supercon-
ducting critical temperature adds an important new
member to a growing number of superconducting mate-
rials classes [31]. Commonalities and differences between
the different classes [32] should help to significantly nar-
row down the range of plausible theories. In our view,
most compelling is the reported Hall coefficient repro-
duced in our Fig. 4, which indicates the importance of
hole carriers also in this new class. Measurements of the
superconducting Tc and Hall coefficient at other hole con-
centrations will help to support our model, as will exper-
iments reporting on the pressure dependence of Tc and
on tunneling asymmetry [5, 7]. We don’t see any reason
not to expect significantly higher transition temperatures
in this new class of oxide superconductors, particularly
if the in-plane lattice constant can be reduced and the
carrier concentration optimized.
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